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Abstract

1550 nm InAs/InP quantum dot (QD) lasers are critical for C-band optical communication. To
realise narrow photo-luminescence linewidth emission in this wavelength range, the indium
flush (IF) technique for self-assembled QDs and the alternative growth (AG) technique have
been developed, enabling wavelength tuning and control of dot uniformity. This work
investigates the stacking effect on nanostructures grown by these two methods by comparing
five-stacked AG and IF nanostructures with identical spacer thickness. Structural and optical
characterisations were performed using scanning transmission electron microscopy, atomic
force microscopy, and photoluminescence measurements. The IF approach produces truncated,
height-controlled QDs with reduced strain accumulation across stacked layers. In contrast, AG
samples display quantum well-like morphology with sharp interfaces and no observable
dislocations, but fail to consistently produce distinct QD nanostructures. These results suggest
that IF provides a more reliable optimisation strategy for achieving C-band QDs within the
framework of self-assembled growth, whereas AG requires further optimisation for use in
InP-based systems.
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1. Introduction

High-performance lasers operating in the C-band wavelengths
are increasingly in demand as light sources for optical com-
munication, driven by the rapid increase in data traffic and the
steep expansion of artificial intelligence-related applications
[1-3]. To meet these stringent requirements, self-assembled
quantum dot (QD) lasers have attracted considerable atten-
tion due to their atom-like discrete energy states [4—6]. The
delta-function-like density of states and the large energy separ-
ation between the ground state and the first excited state enable
low threshold current density, temperature insensitivity, and
ultra-fast gain recovery [5, 7-9]. To achieve emission at C-
band wavelengths, InP-based InAs QDs are widely employed.
However, the anisotropic surface diffusion of indium atoms on
InP-based materials and the small lattice mismatch between
InAs and InP lead to inhomogeneous size broadening of dots
and formation of elongated dots [10, 11]. As a result, the
energy levels, which are theoretically discrete, exhibit spec-
tral broadening in practice, as evidenced by photolumines-
cence (PL) measurements [12]. Although precise control of
growth parameters can improve the optical properties of QDs,
variations in dot size remain inevitable, resulting in emis-
sion wavelength shifts beyond the target range and broader
linewidths that degrade the device performance [13]. To
address these challenges, two commonly adopted approaches
are the indium-flush (IF) technique for self-assembled QDs
[14-16] and the alternative growth (AG) method [17-19].

The IF technique involves the deposition of a first cap-
ping layer (FCL), such as a few nanometres of InAlGaAs, to
partially cap the self-assembled QDs. This step results in the
exposure of larger QDs that protrude above the FCL, owing
to energetically unfavourable nucleation on the apex of the
QDs. A subsequent thermal annealing step under arsenic pres-
sure is then employed to selectively desorb indium from the
uncapped regions of the QDs. This process effectively tailors
the dot height, resulting in improved vertical size uniformity
and a narrower full width at half maximum (FWHM) in PL.
Moreover, the emission wavelength can be tuned by adjusting
the FCL thickness.

The AG method differs from conventional self-assembled
growth mode, where InAs is deposited continuously above the
critical thickness to form the three-dimensional (3D) islands.
In contrast, AG QDs are formed through a cyclic depos-
ition process involving sub-or-quasi-critical thickness layers
of InAs alternated with thin quantum well (QW) layers (e.g.
InAlGaAs). The strain fields generated by lattice mismatch
and intrinsic phase separation in each period influence the
subsequent nucleation of vertically correlated In-rich clusters,
thereby modulating QD formation in the following layers [17,
19-21]. By adjusting the InAs deposition thickness in each
cycle, the QD size can be controlled, enabling tunability of the
emission wavelength. This method is also expected to produce

QDs with narrower PL FWHM as vertical size fluctuations are
effectively suppressed [20].

While both the IF and AG techniques have demonstrated
efficacy in achieving wavelength tunability and emission
linewidth narrowing in single-layer InAs/InP QDs, a direct
and systematic comparison of their performance in multi-
stacked configurations has not yet been reported. Given the
critical importance of stacking multiple QD layers for enhan-
cing optical gain in practical devices [22], this study uniquely
investigates and contrasts the structural and optical evolution
of five-stacked IF and AG nanostructures. Our work offers
new insights into the stacking behaviour, morphology, and
emission characteristics arising from these two distinct growth
strategies.

In this work, we investigated the impact of IF and AG
on single-layer and five-stacked configurations. To evaluate
their structural and optical characteristics, we performed scan-
ning transmission electron microscopy (STEM), atomic force
microscopy (AFM), room-temperature PL. measurements, and
temperature-dependent PL. measurements.

2. Methodology

All the InAs/InP QD samples were grown by a solid-
source Veeco GEN-930 molecular beam epitaxy (MBE) sys-
tem equipped with a valved arsenic cracker source on InP
(001) substrates. The InP (001) substrates were degassed in
the buffer chamber at 400 °C for an hour and then trans-
ferred to the growth chamber for a 1-minute deoxidation at
500 °C under As; overpressure. All the Ingsp4Alg476As and
Ing 508 Alp238Gag 234 As layers employed are lattice-matched to
InP. The schematic diagrams of the samples are illustrated in
figure 1. For the IF samples as shown in figure 1(a), 500 nm
InAlAs and 100 nm InAlGaAs buffer layers were deposited
first at 510 °C and 500 °C, respectively. Then, 5.5 mono-
layers (MLs) of InAs QDs were grown at 485 °C using the
S-K growth mode. A 4 nm FCL was then deposited to par-
tially cap the QDs. Subsequently, the temperature was raised
to 540 °C to flush the exposed portions of the QDs. For the
single-layer IF QDs (IF1), a 96 nm InAlGaAs second capping
layer (SCL) was applied at 500 °C. For the five-stacked IF
QDs (IF5), a stacking structure was employed using a 26 nm
SCL between subsequent QD layers, resulting in a total spacer
thickness of 30 nm (4 nm FCL + 26 nm SCL) at 500 °C, fol-
lowed by a final 70 nm InAlGaAs cap at 500 °C. For the AG
samples as shown in figure 1(b), 200 nm InAlAs and 100 nm
InAlGaAs buffer layers were first grown at 510 °C and 495 °C,
respectively. Subsequently, 12 periods of 1 Ml InAs/1 Ml
InAlGaAs were deposited at 485 °C to form the AG QDs. For
the single-layer AG layer (AG1), a 100 nm InAlGaAs capping
layer was applied. For the five-stacked AG layers (AGY), the
stacking structure comprised AG structure separated by 30 nm
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Figure 1. Schematic diagrams of InAs/InP QD structures grown with different techniques. (a) IF QDs: the single-layer structure (IF1) is
shown on the left, the five-stacked structure (IF5) in the middle, and the schematic of the shutter opening sequence and temperature
variation during MBE growth of the IF1 active region on the right. (b) AG samples: the single-layer structure (AG1) is shown on the left, the
five-stacked structure (AGS5) in the middle, and the schematic of the shutter opening sequence and temperature variation during MBE
growth of the AG1 active region on the right. In the shutter opening sequence, a solid black line at the top indicates the shutter is open, while

a solid black line at the bottom indicates the shutter is closed.

InAlGaAs spacers, followed by a final 70 nm InAlGaAs cap.
All samples were additionally capped with a 100 nm InAlAs
layer and a 100 nm InAlGaAs layer, followed by an uncapped
active region layer grown under the same conditions as the
underlying active region for AFM measurements.

STEM was performed to investigate the cross-sectional
structural characteristics of the IF and AG samples. IF lamella
was prepared using a standard FIB sample preparation in a
Hitachi Ethos NX5000 with a final Ga™ thinning at 5 keV.
STEM analysis were carried out in a probe corrected cold-field
emission gun Nion UltraSTEM100 at 100 keV with a conver-
gence semi-angle of 30 mrad and a beam current of approx-
imately 30 pA, yielding a probe size of 85 pm. AG lamel-
lae were prepared with a Thermo Fisher Scientific Helios 5
Hydra UX PFIB with a 5 keV Xe™ finishing, and STEM ana-
lyses were carried out using a probe corrected Thermo Fisher
Scientific XFEG Spectra Ultra operated at 300 keV with a con-
vergence semi-angle of 30 mrad and a beam current of approx-
imately 60 pA, yielding probe sizes below 85 pm. In addi-
tion, AFM was employed to examine the surface morphology
of the four samples, enabling direct comparison before and
after stacking. PL measurements at room temperature were
conducted using a Nanometrics RPM2000 system, incorpor-
ating a 635 nm continuous-wave laser at an excitation power
density of 430 W cm~?2 and a wavelength-extended InGaAs
detector with a cutoff at 2 ym. The PL measurements were
used to assess changes in emission wavelength and FWHM
resulting from stacking. These characterisations provide valu-
able insights into the mechanisms by which IF and AG growth

methods achieve wavelength tuning and linewidth narrowing,
while also revealing the impact of stacking on the resulting
structural and optical properties.

3. Results and discussion

3.1. Scanning transmission electron microscopy

To investigate the cross-sectional morphology and interface
quality of the samples, STEM high-angle annular dark-field
(HAADF) imaging was employed.

A representative HAADF image acquired at 100 keV of IF
QDs is displayed in figure 2(a). QDs that exceed the thickness
of the FCL are truncated during the IF process, whereas shorter
QDs remain unchanged. A curvature-like Al-rich region forms
between adjacent QDs, identified by its darker contrast in
the atomic-number () dependence of HAADF images, while
In-rich regions with brighter contrast appear above the QDs.
The underlying mechanism can be explained as follows. Upon
reaching a critical thickness of the in-plane InAs wetting layer,
3D InAs islands are self-assembled due to the accumulation of
strain arising from lattice mismatch. An FCL with a thickness
lower than the height of most QDs is then deposited. Due to
the elastic relaxation at the apex of QDs, which is an ener-
getically unfavourable site for Ga and Al atoms, the growth
of InAlGaAs is impeded atop the QDs. Consequently, this
leads to a curvature in the capping layer at the edges where it
contacts the QDs. Once the temperature is elevated under As;
overpressure, the In atoms from both the exposed apexes of
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Figure 2. HAADF images showing the morphologies and adjacent
layers of samples (a) IF1, (b) AG1, and (c) AG5. HAADF images of
IF and AG samples were taken at 100 keV and 300 keV,
respectively. (d) Atomic resolution HAADF image of the AG1,
showing a well-like morphology.

QDs and the upper part within the capping layer desorb to the
region above the capping layer. Initially, the In atoms migrate
across the FCL, with the intention of establishing a new wet-
ting layer [16]. However, the elevated temperature weakens
the potential covalent bonds, leading to the detachment of the
desorbed In atoms [23]. Throughout this process, the compos-
ition within the upper region of the FCL shifts towards an Al-
rich configuration due to the desorption of In atoms. This Al-
rich part acts as a protective layer for hindering further In evap-
oration. Meanwhile, the desorption of indium atoms within
the QDs ceases once their height aligns with that of the adja-
cent InAlGaAs. As a result, the uncapped pyramid-like QDs
transform into a disk-like shape after IF is applied. Next, the
SCL is deposited to fully cap all the underlying structure. The
top of the InAs QDs contains energetically favourable sites
for following In adatoms, leading to the formation of In-rich
region in the SCL. On the contrary, the upcoming Al atoms
prefer to combine with the sites in the Al-rich region of FCL.
In the stacked structure, the presence of In-rich and Al-rich
regions within the spacer layer leads to apparent phase separ-
ation. However, this does not extend through the entire spacer
to affect the subsequent QD layer [14]. In addition, the com-
pressive strain at the top of the QDs is alleviated by the trans-
formation from a pyramid-like to a truncated shape [14].

The images in figures 2(b)—(d) present the HAADF images
of AG samples. Distinct QD-like nanostructures are not
observed. Instead, the morphology more closely resembles
QWs. For the five-stacked AG QD structures reported by Kim
et al [20], prominent indium clusters appeared in the first layer.
They claimed the AG QDs in the initial layer modified the
strain field and phase separation properties of InAlGaAs, and
the accumulated strain promoted QD formation in the sub-
sequent layers. In our work, although the PL characteristics
mentioned in later section are comparable to those reported by
Kim et al in terms of emission wavelength and linewidth, we
do not observe the formation of well-defined or high-density
QD nanostructures. This suggests that the AG growth method
may be inherently unstable (i.e. highly dependent on the initial

nucleation process) and does not consistently produce QDs.
Although similar cyclic deposition techniques are widely used
for growing submonolayer (SML) QDs on GaAs substrates
[24-26], they may not be directly applicable to InP-based
systems due to differences in lattice mismatch. In the case
of GaAs substrates, the lattice mismatch with InAs is rel-
atively large, resulting in stronger elastic strain during ini-
tial stages of growth. This enhanced strain promotes indium
segregation and formation of QDs. For example, Kim et al
reported InAs/InGaAs SML QDs [27] grown on GaAs, where
their STEM micrographs revealed interfacial features similar
to those observed in our AG samples, but with clearly vis-
ible indium clusters or agglomerations. In contrast, the use of
InP substrates in our work leads to significantly lower strain,
which makes the nucleation of well-defined QD-like features
less favourable. In addition to the substrate effect, the mater-
ial composition of the spacer layer also plays a critical role.
The SML QD and AG QD formation mechanisms rely on
indium atoms segregating during periodic deposition to form
clusters or promote QD formation in the following layers. On
GaAs substrates, this condition is easily met when spacers
such as GaAs is used. However, in InP-based systems where
both InAs and the quaternary spacer layer (e.g. InAlGaAs)
contain indium. This suppresses effective indium segregation
and thus inhibits the formation of distinct QD morphologies.
Previous studies have also shown that SML QDs grown with
indium-containing spacers tend to exhibit more QW-like mor-
phology compared to other InAs/GaAs SML structures [27,
28]. This further supports the conclusion that indium in the
spacer regions hinders the clustering process during alternat-
ing growth [18, 29, 30]. The STEM images in figures 2(b)—
(d) also show that AG samples exhibit sharp and well-defined
interfaces without apparent dislocations. This superior inter-
face quality can be attributed to two factors. First, the AG
scheme resembles that of a strain layer superlattice [31], where
the strain introduced in each period is partially compensated
during growth, leading to reduced overall strain accumula-
tion. Second, the use of only 1 ML of InAs per period leads
to reduced interface roughness and suppresses lateral In/Ga
intermixing [32, 33]. As a result, the stacked AGS5 sample
exhibits high apparent crystal quality, as evidenced by sharp
interfaces and a uniform composition throughout the entire
structure, with no observable dislocations or structural degrad-
ation. Thus, the morphologies more closely resemble that of
QWs rather than QDs. This indicates that the AG growth
mode, when applied on an InP substrate, is significantly lim-
ited in its ability to form QDs. The insufficient elastic strain
resulting from the relatively small lattice mismatch between
InAs and InP, combined with the presence of indium in the
spacer layer, likely inhibits effective indium segregation and
thus suppresses the formation of well-defined QDts.

In comparison, IF and AG exhibit fundamentally differ-
ent growth behaviours and resulting morphologies. IF enables
well-defined, truncated QDs with clear size control and mod-
erate strain management across stacked layers. In contrast,
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Figure 3. QD morphology in 1 x 1 umz AFM images of (a) IF1 [14], (b) fifth layer of IF5, and (c) AG1. In (a) and (b), the histogram
below each AFM image shows the distribution of QD heights. For IF1, the average height is 5.59 nm with an SD of 3.51 nm. For IF5, the

average height is 5.40 nm with an SD of 1.92 nm.

AG produces QW-like structures with sharp interfaces but
lacks consistent dot formation, likely due to insufficient
strain accumulation and suppressed indium segregation on InP
substrates. While AG shows excellent crystalline quality, it
does not reliably produce discrete QD features in the stacking
configuration.

3.2. Atomic force microscopy

While the STEM results provide insight into the cross-
sectional structural properties of the samples, AFM was
employed to investigate the surface morphology associated
with different growth approaches and stacking configurations.

Figure 3(a) corresponds to uncapped QDs without indium
flush, directly exposed at the surface, confirming that the nano-
structures in the first layer are primarily round-shaped dots.
For the five-stacked IF QD sample as shown in figure 3(b),
the growth was terminated immediately after the deposition
of the fifth QD layer without applying a capping layer.
Figure 3(b) reveals the presence of several elongated nano-
structures resembling quantum dashes at the fifth layer, which
correlates with the spectral broadening observed in the PL
measurements of the five-stacked IF QDs, as discussed in the
next section. This indicates that further optimisation of the
multilayer morphology may be possible by optimising spacer
thickness, FCL thickness, or introducing strain compensation
schemes [34, 35]. Nevertheless, the majority of the surface
nanostructures remain round-shaped, similar to those observed
in IF1. The histogram below each AFM shows the distribu-
tion of QD heights. Specifically, IF1 exhibits an average height
of 5.59 nm with a standard deviation (SD) of 3.51 nm, while
IF5 has an average height of 5.40 nm with an SD of 1.92 nm.
This indicates that the indium flush process reliably maintains
dot height uniformity across multiple layers. AFM results sug-
gest that the indium flush process effectively suppresses stress

accumulation during multilayer stacking, thereby stabilising
the QD morphology and facilitating the formation of uniform
and well-aligned QDs across multiple layers.

Figure 3(c) shows 1 x 1 um?> AFM images of AG1. In
the AGI image, several large dots are observed on the sur-
face, along with a noticeable density of two-dimensional (2D)
islands. These large dots are attributed to ripening, which inev-
itably occurs during heteroepitaxial growth. Under thermody-
namic equilibrium conditions [36], small indium agglomera-
tions tend to coalesce into larger islands through this process.
The large dots may reach the critical size for plastic relaxation,
which can introduce V-shaped defects that propagate toward
the surface and potentially degrade device performance [36,
37]. However, the density of large QDs is relatively low, and
such features are not clearly observed in the corresponding
STEM images. The coexistence of small 2D islands and a lim-
ited number of large dots suggests that while some degree of
indium segregation does occur, the fraction of material form-
ing distinct QDs is small. By combining the AFM and STEM
observations, it is evident that the overall morphology of AG
samples more closely resembles a QW structure, as discussed
in the previous section. This highlights that AG growth, in
contrast to conventional self-assembled QD methods, requires
more carefully optimised growth parameters in order to reli-
ably achieve QD formation.

The AFM results further highlight the contrast between the
two methods. IF samples maintain a predominantly dot-like
morphology even after stacking, with only partial transform-
ation into elongated nanostructures. AG samples, however,
show a mixture of large ripened QDs and 2D islands, with
low dot density and high structural uniformity indicative of
QW-like behaviour. These differences reinforce the idea that
IF offers better morphological control in multilayer structures,
while AG requires further tuning to consistently induce dot
nucleation.
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Figure 4. PL measurements for (a) IF QD samples and (b) AG QW
samples.

3.3. Room-temperature photoluminescence

To evaluate the optical impact of stacking on the QD struc-
tures with different growth techniques, room-temperature PL
measurements were performed to compare the emission char-
acteristics of single-layer and five-stacked QD samples.

For the IF samples, the PL peak wavelength redshifts from
1519.1 nm in IF1 to 1536.0 nm in IF5, accompanied by an
broadening in FWHM from 51.6 meV to 57.9 meV, as shown
in figure 4(a). The observed redshift is attributed to the inev-
itable increase in the average QD size in the upper stacking
layers when the spacer layer is relatively thin, resulting from
enhanced strain coupling during multilayer growth [38, 39].
However, the relatively small magnitude of this shift further
confirms that the indium flush process effectively suppresses
the majority of vertical strain build-up by producing height-
uniform QDs, even in stacked configurations. The increase
in FWHM arises not only from strain-induced size variation
but also from the presence of additional elongated nanostruc-
tures, or quantum dashes, in the upper layers of IF5, as evid-
enced by AFM. This issue can be addressed through optim-
ising spacer layer, FCL thickness, or by introducing strain
compensation schemes as discussed in the previous section.
The decrease in PL intensity is likely attributed to point defects
formed during the deposition of the spacer layers. These
defects act as non-radiative recombination centres, and their
density increases with the number of stacked layers, thereby
degrading emission efficiency. This issue may be mitigated
by applying rapid thermal annealing (RTA) to suppress defect-
induced non-radiative losses [40, 41].

For the AG samples, the PL peak exhibits a blueshift from
1555.6 nm in AG1 to 1547.6 nm in AGS5, while the FWHM
narrows from 30.5 meV to 29.7 meV, as shown in figure
4(b). The blue-shift in wavelength for multiple-stacked sample
may be attributed to increased tensile strain in the stacked
configuration [28, 42]. The nearly unchanged FWHM indic-
ates that the surface of each AG layer remains relatively
flat, with no significant additional strain introduced during
stacking. This behaviour is more characteristic of QWs rather

than QDs. A noticeable reduction in PL intensity is observed
in AGS, which is also due to the formation of point defects
during the prolonged AG process. The previously mentioned
post-growth RTA process can potentially be used to improve
the crystal quality and optical characteristics for AG grown
materials.

The PL results clearly reflect the morphological distinc-
tions between IF and AG samples. The IF QDs exhibit a
moderate redshift and linewidth broadening upon stacking,
consistent with slight dot size variation and the occasional
formation of quantum dashes. This behaviour aligns with
that observed in conventional multi-stacked self-assembled
QD structures reported in the literature [8, 38]. In con-
trast, the AG samples show minimal changes in FWHM and
even a slight blueshift with stacking, indicating flat inter-
faces and low vertical strain—features more typical of QWs
than QDs. Therefore, while AG yields narrow linewidths, IF
offers greater potential for realising true QD-based emission
in stacked configurations.

3.4. Temperature-dependent photoluminescence

To further evaluate carrier confinement and thermal stability of
the nanostructures, temperature-dependent PL. measurements
were performed on IF1 and AG1, as shown in figure 5. With
increasing temperature, all PL spectra exhibit a gradual red-
shift, which is attributed to thermal-induced bandgap shrink-
age caused by lattice constant expansion and electron—phonon
interactions [27].

Meanwhile, the PL intensity decreases monotonically as
temperature rises. This reduction originates from the activa-
tion of non-radiative recombination channels and the thermal
escape of carriers from the QDs into the barrier layers, where
they recombine without contributing to PL [43]. The integ-
rated PL intensity was fitted using the Arrhenius equation:

Iy

I(T) = ——F—~
@ 1+ Cexp (—%52)

ey

where I(T) is the PL intensity at temperature T, Iy is the integ-
rated PL intensity of the QD at T=0 K, C is the fitting con-
stant, k is the Boltzmann constant, and E is the thermal activ-
ation energy (TAE).

For IF1, the fitting yields a TAE of approximately 165 meV,
indicating strong carrier confinement within the QDs. This
high TAE indicates an effective suppression of non-radiative
escape channels and high localisation of carriers inside QDs
[44].

In contrast, AG1 exhibits a significantly smaller TAE of
only 22 meV, which indicates weak carrier confinement. As
a result, carriers in AG1 are more easily thermally delocal-
ised, consistent with the quasi-QW-like morphology observed
in STEM and AFM [45]. This behaviour is also evident in
figure 5(b), where the PL intensity decreases by nearly half as
the temperature increases from 80 K to 100 K. This reduced
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Figure 5. Temperature-dependent PL spectra of (a) IF1 and (b) AG1. The insets show the temperature dependence of the integrated PL

intensity, from which the TAE values were extracted.

confinement directly limits the applicability of AG structures
for temperature-stable laser operation.

These results highlight a clear contrast between IF and AG
growth modes: while IF produces QDs with strong localisation
and superior thermal stability, AG structures resemble QWs
with insufficient confinement. Consequently, the IF method
provides a more reliable platform for C-band QD devices that
require high-temperature operation.

4. Conclusion

In this work, we investigated the characteristics of single-
layer and five-stacked InAs/InP QDs grown by MBE using
IF and AG techniques. Structural and optical changes induced
by stacking were examined by STEM, AFM, and room-
temperature PL. measurements. IF structures maintain uniform
morphology across stacked layers by effectively limiting ver-
tical strain through height control. However, some linewidth
broadening occurs due to the formation of quantum dashes.
In contrast, AG samples exhibit sharp interfaces and uniform
composition throughout the entire structure, but the overall
morphology resembles QWs rather than QDs. This is likely
due to insufficient elastic strain and suppressed indium segreg-
ation on InP substrates. As a result, the AG method requires
further optimisation strategies to reliably produce QDs on InP
platforms.

Overall, this study demonstrates that IF represents a more
reliable growth approach for achieving narrow-PL-linewidth
C-band QDs on InP substrates, while AG growth must be
carefully tailored to overcome its material system limitations.
These findings provide valuable insight into the stacking beha-
viour of InAs/InP QDs grown by different techniques and offer
guidance for the optimisation of multilayer QD configurations
in future device applications.
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